In this paper, the bond deterioration mechanism of recycled aggregate concrete (RAC) with a full replacement ratio was studied through experimental and numerical simulations. To study the bond behavior and the bond slip between section steel and RAC, nine push-out specimens were designed using the control variable method. The effects of the concrete strength, the embedded length, the cover thickness, and the lateral stirrup ratio on the bond behavior and the bond slip were investigated in detail. The loading process and failure mode of the specimens were observed, and the test curves of the loading end and free end of the specimens were analyzed. Based on the experiment, the finite element method (FEM) was used to simulate the specimens, and the simulation results were analyzed by comparing the experiment data. The analysis of the results showed that the developed model is capable of representing the characteristic bond strength value between section steel and RAC with sufficient accuracy, and the main differences of bond slip between the simulation and the test results are the slippage at the limit state and the moment at which the free end starts to slip.
Introduction
With the acceleration of industrialization and urbanization, the construction industry has developed rapidly, and the accompanying construction waste has increased dramatically. Due to the large cost of traditional landfill methods and serious environmental pollution, reusing the construction waste resources is imperative [1, 2] . As a product of the recycling construction waste, recycled aggregate concrete (RAC) has its own advantages in terms of economy and protection for the environment. RAC is prepared by mixing recycled aggregate [3] [4] [5] [6] with a certain proportion and grading, and partially or completely replacing natural aggregates (mainly coarse aggregates). The recycled aggregates are obtained by crushing, cleaning, and classifying the waste concrete.
In recent years, various scholars have conducted investigations on the properties of RAC [7] [8] [9] [10] [11] [12] [13] . It was found that RAC with an optimized mix ratio has better mechanical properties compared with ordinary concrete [14, 15] . RAC has low weight, which is beneficial for reducing the weight of structure In the study, the RAC with full replacement ratio means that all of the natural coarse aggregates in the concrete have been replaced by recycled coarse aggregates. The specimens were obtained from PC32.5R Portland cement, recycled coarse aggregate, natural fine aggregate, natural fine sand, and urban tap water. The particle size of the recycled coarse aggregate was ranged 5-31.5 mm. The physical properties of the recycled coarse aggregate [28, 29] were measured, and the results are shown in Table 1 . The obtained results satisfied the requirements of "Recycled Coarse Aggregate for Concrete" GB/T 25177-2010. Double 10 channel steel plates and double 6mm thick steel plates were bonded with epoxy resin in the experiment. The longitudinally stressed steel provided B16 reinforcement, the stirrup provided A6 reinforcement, and their mechanical performances are shown in Table 2 . Note: E 1 is the elastic modulus of the elastic phase; E 2 is the slope of the hardening section of the steel; ε y is the yield strain of the steel corresponding to f y ; ε s is the strain of the steel; ε u is the peak strain of the steel corresponding to f u ; f y is the yield strength of the steel; f u is the ultimate strength of the steel.
Design of Specimens
Nine push-out specimens were designed in the test to study the bond behavior and the bond slip between section steel and RAC. The effects of the concrete strength, the embedded length, the cover thickness, and the lateral stirrup ratio on the bond behavior and the bond slip between section steel and RAC were investigated in detail. The parameters of push-out specimens are shown in Table 3 . All strain gauges were arranged at a certain interval on the flange steel plate and the web channel steel. This arrangement did not affect the bonding effect in the interface between section steel and RAC, and ensured the safety and the accuracy of the strain gauge. The section design of specimens and section steel are shown in Figures 1 and 2 , respectively. Note: 1 E is the elastic modulus of the elastic phase; 2 E is the slope of the hardening section of the steel; is the yield strain of the steel corresponding to ; is the strain of the steel; is the peak strain of the steel corresponding to ;
is the yield strength of the steel; is the ultimate strength of the steel.
Nine push-out specimens were designed in the test to study the bond behavior and the bond slip between section steel and RAC. The effects of the concrete strength, the embedded length, the cover thickness, and the lateral stirrup ratio on the bond behavior and the bond slip between section steel and RAC were investigated in detail. The parameters of push-out specimens are shown in Table  3 . All strain gauges were arranged at a certain interval on the flange steel plate and the web channel steel. This arrangement did not affect the bonding effect in the interface between section steel and RAC, and ensured the safety and the accuracy of the strain gauge. The section design of specimens and section steel are shown in Figure 1 and Figure 2 , respectively. Pre-absorption treatment was conducted on recycled coarse aggregate before preparing RAC [30, 31] , and the mix design of RAC is shown in Table 4 . The reason is that the recycled coarse aggregate is largely porous, which reduces the actual water/cement ratio in the cement slurry and the concrete mix ratio at the same concrete strength.
Pre-absorption treatment was conducted on recycled coarse aggregate before preparing RAC [30, 31] . The reason is that the recycled coarse aggregate with large porosity absorbs a lot of water, and decreases the actual water-cement ratio in the cement slurry. The mix design of RAC is shown in Table 4 . Table 4 . Mix design of recycled aggregate concrete (RAC). The specimens were made in the seismic engineering laboratory of Xi'an University of Architecture and Technology. The 150 mm × 150 mm × 150 mm cube test blocks were also produced from the same RAC in the test. After the pouring was completed, the push-out specimens were cured in indoor standard conditions (with felt-covered watering and curing). The compressive strength (fcu) of specimens is shown in Table 3 .
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Test Method
The strain gauges were applied from dense to sparse distribution along the loading end to the free end, and were bonded to the steel plate by epoxy resin to measure the strain at the flange and the web. Four electronic slip sensors were uniformly arranged on one side of the flange and the web, which were developed by the research team [32] , and the Slip-strain (S-ε) relationship of each electronic slip sensor was measured in advance.
The push-out test was carried out on the 2000t compression testing machine in the State Key Laboratory for civil engineering at Xi'an University of Architecture and Technology. Figure 3a ,b show photos of the test setup and push-out specimen. The upper end of the specimen was fixed and the lower end was free. A mild steel plate with an "H" hole connected the bottom of the specimen with the loading platform. The topside of the section steel was attached to the compression testing machine with a complete steel plate. A foam pad was laid between the steel support and RAC to ensure flatness, and the loading rate was 0.3 mm/min. Slip occurred initially in the lower part and gradually in the upper part. Therefore, from the perspective of the section steel, the loading end of the specimen was defined at the lower end and the free end was in the upper portion. Double displacement meters were set at the loading end and the free end, respectively, which are shown in Figure 3c . Pre-absorption treatment was conducted on recycled coarse aggregate before preparing RAC [30, 31] , and the mix design of RAC is shown in Table 4 . The reason is that the recycled coarse aggregate is largely porous, which reduces the actual water/cement ratio in the cement slurry and the concrete mix ratio at the same concrete strength. Pre-absorption treatment was conducted on recycled coarse aggregate before preparing RAC [30, 31] . The reason is that the recycled coarse aggregate with large porosity absorbs a lot of water, and decreases the actual water-cement ratio in the cement slurry. The mix design of RAC is shown in Table 4 .
The specimens were made in the seismic engineering laboratory of Xi'an University of Architecture and Technology. The 150 mm × 150 mm × 150 mm cube test blocks were also produced from the same RAC in the test. After the pouring was completed, the push-out specimens were cured in indoor standard conditions (with felt-covered watering and curing). The compressive strength (f cu ) of specimens is shown in Table 3 .
The push-out test was carried out on the 2000t compression testing machine in the State Key Laboratory for civil engineering at Xi'an University of Architecture and Technology. Figure 3a ,b show photos of the test setup and push-out specimen. The upper end of the specimen was fixed and the lower end was free. A mild steel plate with an "H" hole connected the bottom of the specimen with the loading platform. The topside of the section steel was attached to the compression testing machine with a complete steel plate. A foam pad was laid between the steel support and RAC to ensure flatness, and the loading rate was 0.3 mm/min. Slip occurred initially in the lower part and gradually in the upper part. Therefore, from the perspective of the section steel, the loading end of the specimen was defined at the lower end and the free end was in the upper portion. Double displacement meters were set at the loading end and the free end, respectively, which are shown in Figure 3c . 
Results and Analysis
Failure Procedure and Mode
The failure modes of the specimens can be divided into two types: splitting failure mode and bursting failure mode. The failure procedure was roughly as follows: at the initial stage of the specimen loading, there was no obvious change on the surface of each specimen. When the specimen was loaded to 40%-75% of the ultimate load, the initial cracks appeared on the surface of the specimen. With the increase of loading, the initial cracks were mostly concentrated near the loading end at the web, and a small part appeared in the middle. In this time, the initial cracks propagated rapidly, the initial cracks at the loading end extended toward the free end, and the initial cracks in the middle expanded toward both sides as the load increased. When loading to 80%-90% of the ultimate load, the sliding increment of the loading end was obvious and the load increased gently. The initial crack gradually developed into a through crack, and the maximum crack width reached 2-3 mm. As the load continued increasing to the ultimate load, the load sharply dropped to 50%-70% of it, therefore the specimen was considered to be broken by the through crack. If the load continued to increase, the changes were minimal and stabilized with the increasing drifts. It was considered that the load was a residual load. In the process, multiple cracks were generated, in which the original cracks developed secondary cracks, and the damage of RAC increased. The loading ended when the section steel was pushed out 4-6 mm.
The failure mode for SRRC-1, SRRC-4, and SRRC-8 was bursting failure, and the rest specimens showed splitting failure. Splitting failure is the typical failure mode, and here the initial cracks appeared at the loading end of the web sides. With increased load, the cracks extended to the free end and some fine cracks appeared on the specimen gradually. When the load reached the peak load, the initial cracks extended to the upper part of the specimen. Then the load fell rapidly and tended to be gentle gradually. There was a penetrating crack on the flange side and at web sites at this stage, as shown in Figure 4 (taking SRRC-5 as an example). 
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Results and Analysis
Failure Procedure and Mode
The failure mode for SRRC-1, SRRC-4, and SRRC-8 was bursting failure, and the rest specimens showed splitting failure. Splitting failure is the typical failure mode, and here the initial cracks appeared at the loading end of the web sides. With increased load, the cracks extended to the free end and some fine cracks appeared on the specimen gradually. When the load reached the peak load, the initial cracks extended to the upper part of the specimen. Then the load fell rapidly and tended to be gentle gradually. There was a penetrating crack on the flange side and at web sites at this stage, as shown in Figure 4 (taking SRRC-5 as an example). With bursting failure, the initial cracks occurred in the middle of the flange or the web. As the load increased, the initial cracks gradually expanded toward the loading and free ends, and some new fine cracks occurred. When the load reached about 80%-90% of the ultimate load, the initial cracks continued expanding and widening, and there were many obvious secondary cracks. As shown in Figure 5 (taking SRRC-1 as an example), through cracks were present on both the flange and the web sides after failure. This is one of the main features of bursting failure that makes it different from the splitting failure.
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Characteristic of P-S Curves
The loading end slip curve (P-S curve) can be simplified to the model shown in Figure 6 . Here, The load is divided into two categories, each of them showing basically the same changes, which are divided into three parts: rising, sag, and gentle loads. Type (I) is characterized by a large initial load (65%-75% of the peak load), with a residual load that is slightly lower than the initial load. Type (II) is characterized by a small initial load (40%-65% of the peak load), with a residual load that is slightly higher than the initial load. The P-S curves of the specimens are shown in Figure 7 .
The following definitions of the characteristic points in Figure 6 are given:
1) The initial load Ps: The load when obvious slippage occurred on specimens (point A)
2) The ultimate load Pu: The maximum value of the specimens (point B)
3) The residual load Pr: The load corresponding to the end of the descending stage (point C) It can be seen from SRRC-4 and SRRC-8 specimens that a high lateral stirrup ratio and high cover thickness make the specimen more prone to bursting failure. The reason for this phenomenon is that a high lateral stirrup ratio and high cover thickness are effective in preventing the deformation of concrete and further improving the cracking load of cracks.
(1) The initial load Ps: The load when obvious slippage occurred on specimens (point A) In this paper, the P-S curves of the loading end are divided into four stages: nonslip, slip-crack, descending, and residual.
(1) OA in Figure 6 indicates the nonslip stage of the specimens. The key point is the initial bond load point, which determines the length of the section, and the main load is borne by the chemical adhesive force at this section. The composition of the bond stress in the section steel and RAC is similar to in the section steel and ordinary concrete. The bond stress is caused by chemical adhesion and frictional resistance in the article [33] . (2) AB in Figure 6 indicates the slip-crack stage of the specimens, where the curve is basically a linear relationship and the slope is too large. When loading to 40%-65% of the ultimate load (the load is defined as the initial load Ps, the corresponding bond strength is the average initial bond strength ), the loading end of the specimen begins to slip and developed rapidly. (3) The load drops sharply and the specimen has longitudinal through cracks when loading increases to the ultimate load Pu (the corresponding bond strength is the average limited bond strength ). The reason is that the chemical adhesion of the descending stage is suddenly broken and the friction is not sufficient to support the ultimate load. (4) The residual mainly depends on the residual load. The P-S curve is basically a horizontal line when the load falls to 50%-70% of the ultimate load (the load is defined as the residual load Pr, the corresponding bond strength is the average residual bond strength ). It can be concluded that the determinants of each stage are the characteristic loads.
Influence Analysis of Various Factors
The bond strength between the section steel and RAC can be considered to be evenly distributed along the length of the section steel under the push-out test conditions. The average bond strength can be expressed by Equation (1). In this paper, the P-S curves of the loading end are divided into four stages: nonslip, slip-crack, descending, and residual.
(1) OA in Figure 6 indicates the nonslip stage of the specimens. The key point is the initial bond load point, which determines the length of the section, and the main load is borne by the chemical adhesive force at this section. The composition of the bond stress in the section steel and RAC is similar to in the section steel and ordinary concrete. The bond stress is caused by chemical adhesion and frictional resistance in the article [33] . (2) AB in Figure 6 indicates the slip-crack stage of the specimens, where the curve is basically a linear relationship and the slope is too large. When loading to 40%-65% of the ultimate load (the load is defined as the initial load P s , the corresponding bond strength is the average initial bond strength τ s ), the loading end of the specimen begins to slip and developed rapidly.
(3) The load drops sharply and the specimen has longitudinal through cracks when loading increases to the ultimate load P u (the corresponding bond strength is the average limited bond strength τ u ). The reason is that the chemical adhesion of the descending stage is suddenly broken and the friction is not sufficient to support the ultimate load. (4) The residual mainly depends on the residual load. The P-S curve is basically a horizontal line when the load falls to 50%-70% of the ultimate load (the load is defined as the residual load P r , the corresponding bond strength is the average residual bond strength τ r ). It can be concluded that the determinants of each stage are the characteristic loads.
The bond strength between the section steel and RAC can be considered to be evenly distributed along the length of the section steel under the push-out test conditions. The average bond strength can be expressed by Equation (1).
where τ is the average bond stress in MPa; P is the load in N; L e is the embedded length of section steel in mm; and C is the perimeter of section steel in mm.
Concrete Strength
The bond strength is basically a linear relationship with the tensile strength of RAC, and the bond strength increases with the increase of tensile strength, as shown in Figure 8a . Equation (2) [34] was adopted in this study, which reflects the relationship between the tensile strength and compressive strength of RAC.
where f cu is the compressive strength of RAC; f t is the tensile strength of RAC.
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The bond strength is basically a linear relationship with the tensile strength of RAC, and the bond strength increases with the increase of tensile strength, as shown in Figure 8a . Equation (2) [34] was adopted in this study, which reflects the relationship between the tensile strength and compressive strength of RAC. = 0.18 (2) where is the compressive strength of RAC; is the tensile strength of RAC. The relationship between the tensile strength ( ) of RAC and the average bond strength ( ) is obtained by statistical regression, which is fit as Equations (3) The relationship between the tensile strength ( f t ) of RAC and the average bond strength (τ) is obtained by statistical regression, which is fit as Equations (3)-(5).
τ r = 0.567 f t − 0.097 (5)
Embedded Length
The relative bond strength is defined as the ratio of the average bond strength to the tensile strength (τ/ f t ), and the relative embedded length is defined as the ratio of the embedded length to the height of the section steel (L e /d). The relationship between the embedded length and the average initial bond strength, the average ultimate bond strength, and the average residual bond strength are shown in the following equations:
As can be seen from Figure 8b , the bond stress decreases as the embedded length increases. The reduction effect of the average initial bond strength is not obvious, and the average ultimate bond strength decreases significantly.
Cover Thickness
The relative cover thickness is calculated from the ratio of the cover thickness to the height of the section steel (C ss /d). The cover thickness refers to the distance between the section steel and the outer surface of RAC. The relationship is shown in the following equations:
It can be seen from Figure 8c that the average characteristic bond strength obviously increases with the increase of the cover thickness.
Lateral Stirrup Ratio
The effect of the lateral stirrup ratio is similar to that of the cover thickness, which can effectively prevent the lateral deformation of the RAC and delay the cracking time. The equations are as follows.
It can be seen from Figure 8d that the average characteristic bond strength increases with the increase of the lateral stirrup ratio, and the average initial bond strength increases obviously. The effect of increasing the ultimate bond strength is poor, indicating that the increase of the lateral stirrup ratio can effectively delay the appearance of the initial crack and increase the cracking load, but the effect on improving the average ultimate bond strength is not significant.
Formulas
The characteristic bond load and the average characteristic bond strength of specimens are shown in Table 5 . The formulas for the average bond stress of the four factors were established by statistical regression analysis. They can be expressed as follows.
where τ s is average initial bond strength; τ u is average ultimate bond strength; τ r is average residual bond strength.
In order to verify the reliability of the formulas, the comparison was performed between the calculation of the formulas and the experiment data from this test, as well as using data from Yin et al. [35] , Chen et al. [24] , and Chen et al. [36] . The results are shown in Table 6 . Table 6 indicates that the average ultimate bond strength and the average residual bond strength fit well, but the fitting result of the average initial bond strength has a certain error. One of the reasons for this error is the different values of initial load between the man-made and instrument methods. In addition, Equation (2) by Xiao et al. [34] for the tensile strength of RAC was used in this study, but the rest of the articles adopted ordinary concrete formulas. The tensile strength of RAC under the same compressive strength is higher than in this paper. 
Numerical Simulation
The simulation of interfacial bond stress is a difficult point in the simulated process of bond slip between section steel and RAC. Nonlinear spring units were utilized to solve the problem in this study, which included two aspects: one was the preparation of the nonlinear syntax for the inp file, and the other was the determination of the constitutive relationship of the spring element.
Finite Element Model
Element and Material
The solid element C3D8R for section steel and RAC was used in this study, which is an 8-node hexahedron reduction integral element. This element has more accurate results and saves calculation time, and is also suitable for meshing refinement. The linear three-dimensional truss element T3D2 was adopted for steel and stirrups, which has two nodes, each with three degrees of freedom. The steel and stirrups were assigned as truss elements when meshing.
The experimental materials adopted in this study were described as shown in Table 7 . The properties of the steel used in the tests were determined in accordance with the "Code for Design of Concrete Structures" [37] . The elastic properties of the second-class coarse aggregate for RAC are shown in Table 8 . The plastic damage model of Abaqus was selected for the plastic part of the RAC. 
Analysis Step and Constraint
The initial incremental step was 0.02, the minimum incremental step was the default 0.00001, and the maximum incremental step was 1000. These were set to meet the calculation requirements in this simulation. In the interaction module, the embedding relationship was defined between the RAC and reinforcement cage, which was made of stirrups and steel. The reference point above the surface of the section steel acting on the displacement load was provided. The loading speed was 0.3 mm/min, and the loading frequency was set as the amplitude. The binding constraints between the bottom slab and the RAC were defined, and the boundary conditions at the bottom of the slab were set as fixed. The specimen adding constraint is shown in Figure 9 . 
Meshing
The mesh generation of the specimen was performed after the assembly of the components and the constraint settings were completed, which affected the establishment of subsequent nonlinear springs. The intersection interface for the spring element arrangement is most important, and it is located between the section steel and the RAC. The mesh for the interface between the section steel and the RAC was divided in order to successfully arrange the subsequent spring elements. The section steel was cut according to the geometrical axis, as shown in Figure 10 , and the section steel and RAC parts were set as independent. The node set of the interface for the section steel and the RAC was established after the mesh was divided, as shown in Figure 11 . All nodes in the node set were exported in post-processing and were numbered using the "VLOOKUP" function in excel software. SRRC-1 is used as an example in Table 9 . 
The mesh generation of the specimen was performed after the assembly of the components and the constraint settings were completed, which affected the establishment of subsequent nonlinear springs. The intersection interface for the spring element arrangement is most important, and it is located between the section steel and the RAC. The mesh for the interface between the section steel and the RAC was divided in order to successfully arrange the subsequent spring elements. The section steel was cut according to the geometrical axis, as shown in Figure 10 , and the section steel and RAC parts were set as independent.
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The mesh generation of the specimen was performed after the assembly of the components and the constraint settings were completed, which affected the establishment of subsequent nonlinear springs. The intersection interface for the spring element arrangement is most important, and it is located between the section steel and the RAC. The mesh for the interface between the section steel and the RAC was divided in order to successfully arrange the subsequent spring elements. The section steel was cut according to the geometrical axis, as shown in Figure 10 , and the section steel and RAC parts were set as independent. The node set of the interface for the section steel and the RAC was established after the mesh was divided, as shown in Figure 11 . All nodes in the node set were exported in post-processing and were numbered using the "VLOOKUP" function in excel software. Each specimen in this simulation has 1140 nodes. The VLOOKUP function of a corresponding node is SRRC-1 is used as an example in Table 9 . 
Plastic Damage Model
The premise for studying the plastic damage model for RAC is reflected in the constitutive relationship. The constitutive relationship between the compression and tension in RAC is basically the same as that of ordinary concrete. The specific differences are reflected in several coefficients related to the replacement rate. The equation proposed by Xiao et al. [38] was used for calculation in this study. The stress and strain at different strength levels are shown in Table 10 . The plastic damage model of concrete is mainly used to provide a universal analysis model for analyzing the structure of concrete under cyclic and dynamic loads. This model is based on plastic and isotropic failure assumptions, and it can be used in unidirectional loading, cyclic loading, and other functions [39] .
The evolution of the yield or failure surface is controlled by ε in c and ε in t , where ε in c represents a compressive inelastic strain and ε in t represents a tensile inelastic strain.
Let the plastic strain in the inelastic strain be ε pl c , then the proportion of the inelastic strain is β c , according to the Abaqus user manual:
where d c is the concrete compression damage factor; d t is the concrete tensile damage factor; σ c is the peak compressive stress of RAC; σ t is the peak tensile stress of RAC; β c is 0.6; β t is 0.8; ε in c is the inelastic compressive strain of RAC; ε in t is the inelastic tensile strain of RAC.
F-D Relation of Nonlinear Spring Unit
The constitutive relationship of the spring unit was determined before the establishment of the nonlinear spring unit, and was determined according to the constitutive relationship of the average bond strength at the loading end of the specimen. The interface between the section steel and RAC had three directions, namely longitudinal tangential, normal, and transverse tangential directions. The experiments proved that in the case of structural failure: first, the normal and transverse tangential deformation were much smaller than the longitudinal tangential deformation; second, the longitudinal tangential interaction was characterized by the bond slip phenomenon in the section steel and RAC. The Force-Displacement curve (F-D curve) consistent with the longitudinal tangential direction was employed by the spring element constitutive relationship, because the transverse tangential assumption was consistent with the longitudinal tangential interaction. The law-up interaction was set to a spring element with infinite stiffness because it was subjected to pressure and had high stiffness. The spring element F-D relationship is calculated by:
where A is the area occupied the spring connection surface, with the calculation diagram shown in Figure 12 .
The F-D relationship of the springs under each node can be calculated through the bond slip constitutive relation, which was obtained from the test. However, the calculated F-D relationship did not pass through the coordinate origin and did not satisfy the input requirements of Abaqus, so it was processed. It was completely symmetrically processed in its negative direction in order to complete the F-D curve. The F-D relationship is shown in Figure 13 (taking the intermediate node of the spring at SRRC-1 as an example).
tangential assumption was consistent with the longitudinal tangential interaction. The law-up interaction was set to a spring element with infinite stiffness because it was subjected to pressure and had high stiffness. The spring element F-D relationship is calculated by:
where A is the area occupied the spring connection surface, with the calculation diagram shown in Figure 12 . The F-D relationship of the springs under each node can be calculated through the bond slip constitutive relation, which was obtained from the test. However, the calculated F-D relationship did not pass through the coordinate origin and did not satisfy the input requirements of Abaqus, so it was processed. It was completely symmetrically processed in its negative direction in order to complete the F-D curve. The F-D relationship is shown in Figure 13 (taking the intermediate node of the spring at SRRC-1 as an example). 
Rewriting of Inp File
In this paper, the specific method used in addition of the nonlinear spring unit was as follows: the linear spring was first added to the simulated specimen, then the keywords in the inp file were found, and finally the linear spring was rewritten. The precautions were as follows: first, the rewritten inp file could not be imported into Computer Aided Engineering(CAE) and was applied by Abaqus command operation; second, the added maximum spring force was greater than the maximum force balanced with it; third, the nonlinear stiffness was symmetrically defined in the case of convenience and without affecting the result.
Taking SRRC-1 as an example, the nonlinear spring unit of the rewritten inp file is as follows: *Spring, elset=Springs/Dashpots-1-spring, nonlinear 1, 1 Nonlinear constitutive relation *Element, type=Spring2, elset=Springs/Dashpots-1-spring Serial number, part one, node one, part two, node two Nonlinear constitutive relations and corresponding nodes were replaced in order to reduce the length of the article, as shown above. It should be noted that "nonlinear" was required as a keyword after the spring set, indicating that all springs in the set were nonlinear. Two points should be noted when adding nonlinear constitutive relations: one is that the F-D curve needs to pass the coordinate origin, and the other is that the force is connected by "," in the middle of the displacement. For example, in 570, 0.00005, 570 means the force is 570N, and 0.00005 means 0.00005 m. When adding multiple sets of spring sets, the serial number of the corresponding node should be accumulated at once, otherwise the nonlinear stiffness will be overwritten by subsequent coverage, resulting in the failure of multiple sets for spring addition.
In this paper, each set of springs had a total of 1140 nodes and each specimen contained three sets of springs, which were longitudinal tangential, transverse tangential, and normal. Nine sets of specimens were simulated and the results were as outlined in the following subsections. 
Analysis
Rewriting of Inp File
Taking SRRC-1 as an example, the nonlinear spring unit of the rewritten inp file is as follows:
*Spring, elset=Springs/Dashpots-1-spring, nonlinear 1, 1 Nonlinear constitutive relation *Element, type=Spring2, elset=Springs/Dashpots-1-spring Serial number, part one, node one, part two, node two
Nonlinear constitutive relations and corresponding nodes were replaced in order to reduce the length of the article, as shown above. It should be noted that "nonlinear" was required as a keyword after the spring set, indicating that all springs in the set were nonlinear. Two points should be noted when adding nonlinear constitutive relations: one is that the F-D curve needs to pass the coordinate origin, and the other is that the force is connected by "," in the middle of the displacement. For example, in 570, 0.00005, 570 means the force is 570N, and 0.00005 means 0.00005 m. When adding multiple sets of spring sets, the serial number of the corresponding node should be accumulated at once, otherwise the nonlinear stiffness will be overwritten by subsequent coverage, resulting in the failure of multiple sets for spring addition.
In this paper, each set of springs had a total of 1140 nodes and each specimen contained three sets of springs, which were longitudinal tangential, transverse tangential, and normal. Nine sets of specimens were simulated and the results were as outlined in the following subsections.
Analysis
The model of the nine specimens was simulated. Taking SRRC-1 as an example, the Mises stress nephogram of the section steel and RAC are shown in Figure 14 . It can be seen that the normal stress of the section steel gradually decreased from the loading end to the free end, because the stress point was directly coupled with the section steel. The loading end of the RAC is connected to the section steel only through a nonlinear spring, and the free end is directly contact with the steel plate. Therefore, for the RAC, the free end is directly stressed and the normal stress gradually decreases from the free end to the loading end.
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Comparison
As shown in Figure 17 , the simulation figure is compared with the experimental figure. It can be seen that the simulation curves are basically consistent with the test curves. The initial load is basically equal with the ultimate load. The residual load has a slight error, which is within ± 0.2 MPa and is reasonable. This is consistent with the test showing that SRRC-4, SRRC-7, and SRRC-8 belong to Type (I), with the rest of the specimens belonging to Type (II). According to the stress nephograms, the main failure surfaces in the bond slip of the specimens are the upper flange of the section steel, the inner side of the lower flange, and the outer side of the web. It is added that the bond strength of the outer side of the lower flange and the inner side of the web is much smaller than in the above three sides. Therefore, a certain process must be carried out on the outer side of the section steel flange and the inner side of the web, such as increasing the contact reaction area with the RAC and increasing the mechanical bite force with the RAC. The purpose of this is to enhance the characteristic bond strength of the specimen.
As shown in Figure 17 , the simulation figure is compared with the experimental figure. It can be seen that the simulation curves are basically consistent with the test curves. The initial load is basically equal with the ultimate load. The residual load has a slight error, which is within ±0.2 MPa and is reasonable. This is consistent with the test showing that SRRC-4, SRRC-7, and SRRC-8 belong to Type (I), with the rest of the specimens belonging to Type (II). According to the stress nephograms, the main failure surfaces in the bond slip of the specimens are the upper flange of the section steel, the inner side of the lower flange, and the outer side of the web. It is added that the bond strength of the outer side of the lower flange and the inner side of the web is much smaller than in the above three sides. Therefore, a certain process must be carried out on the outer side of the section steel flange and the inner side of the web, such as increasing the contact reaction area with the RAC and increasing the mechanical bite force with the RAC. The purpose of this is to enhance the characteristic bond strength of the specimen.
As shown in Figure 17 , the simulation figure is compared with the experimental figure. It can be seen that the simulation curves are basically consistent with the test curves. The initial load is basically equal with the ultimate load. The residual load has a slight error, which is within ± 0.2 MPa and is reasonable. This is consistent with the test showing that SRRC-4, SRRC-7, and SRRC-8 belong to Type (I), with the rest of the specimens belonging to Type (II). It can be seen that the simulation results of initial bond strength, ultimate bond strength, and residual bond strength are basically equal with the test results. In the limit state, the slip value corresponding to the characteristic bond strength is larger than the test value, and the difference is within 0.15-0.65 mm. The slip value is close to the test value in the residual state, and the difference is within 0-0.15 mm.
In order to further verify the reliability of the simulation results, the experimental data in Chen et al. [24] and Yang et al. [40] were simulated by the numerical simulation method used in this study, and similar results were obtained.
Error Analysis
There are two reasons that the slip value corresponding to the characteristic bond strength is larger than the test value in the limited state:
(1) The bond stress-slip constitutive relationship between section steel and RAC is related to the embedded length of the section steel [32] . However, the constitutive relationship adopted in this study does not consider the influence of the position function, so there is an error in the slip value. It can be seen that the simulation results of initial bond strength, ultimate bond strength, and residual bond strength are basically equal with the test results. In the limit state, the slip value corresponding to the characteristic bond strength is larger than the test value, and the difference is within 0.15-0.65 mm. The slip value is close to the test value in the residual state, and the difference is within 0-0.15 mm.
(1) The bond stress-slip constitutive relationship between section steel and RAC is related to the embedded length of the section steel [32] . However, the constitutive relationship adopted in this study does not consider the influence of the position function, so there is an error in the slip value. (2) From P-S curves of each specimen, it was found that the loading end and the free end slipped almost simultaneously, however, the free end began to slip when the loading end had reached the limited load. The finite element method (FEM) was also a factor that caused error.
Conclusions
In this study, nine push-out specimens were designed to study the bond behavior and the bond slip between section steel and RAC, and four factor effects of the concrete strength were investigated. Numerical analysis was conducted, and the simulation and test data were analyzed. The results are summarized as follows:
(1) The specimens were divided into splitting failure and bursting failure modes. The former is a typical failure mode, where the initial crack starts from the loading end and gradually extends to the free end. The latter is an atypical failure mode, where the initial crack in the middle of the flange side of the specimen gradually extends to both ends. (2) The P-S curves were analyzed and classified into Type (I) and Type (II) according to the characteristic load. The initial load of the former is greater than the residual load value, and the latter is smaller than the residual load value. Type (II) occurs more easily due to increases of the cover thickness and the lateral stirrup ratio. (3) The relationships between the characteristic bond strength and the concrete strength, the embedded length, the cover thickness, and the lateral stirrup ratio were analyzed. The characteristic bond strength increased with the increase of the concrete strength, the cover thickness, and the lateral stirrup ratio, and it decreased with the increase of the embedded length of the section steel. (4) The FEM was used to simulate the specimens, and the simulation results were analyzed by comparing them with the experiment data. The analysis of the results showed that developed model is capable of representing the characteristic bond strength value between section steel and RAC with sufficient accuracy, and the main differences of bond slip between the simulation and the test results are the slippage at the limit state and the moment at which the free end starts to slip.
